Abstract: An application of nonlinear control to enhance the operation of dynamical systems is found in the literature. In particular, recent research achieved harmonics reduction by driving a single-phase AC/AC converter to a chaotic regime. However, the periodic symmetry of the output voltage is broken during this process. This paper proposes two single-phase AC/AC converters with a symmetry-recovery feature that allows the converters to work either in a chaotic or stable regime. The proposed method, which is based on the extended delay feedback control, found a direct impact to recover the symmetry on the distribution of the power density through the time-delayed input.
Introduction
Researchers have proposed the use of nonlinear dynamics to improve the functionality of dynamical systems [1] . For example, in [2] the use of chaos is proposed to improve signal processing. In [3] , a chaotic operation of an AC/AC converter is proposed to expand the functionality of power routers in microgrid configurations. A microgrid can be defined as a single cell within the power system [4] . It can operate isolated or in combination with other cells within what it is known today as the smartgrid [3] . The smartgrid is the replacement of the conventional power grid [5] .
The idea presented in [3] consists of breaking the periodic symmetry of the output voltage of a singlephase AC/AC converter. As a result, the operation of the converter is driven to chaos. One of the advantages of this approach is that based on the desired application, the end user can select one of the frequencies embedded in the chaotic behavior [3] . Another advantage of working in a chaotic regime is that instead of having relatively high peaks of harmonic content, the harmonics are spread across the frequency spectrum. Therefore, the EMC (Electro-Magnetic Compatibility) is improved. At the same time, the power at the load side is no longer gathered around the fundamental frequency. Instead, the power is spread across the frequency spectrum. The theoretical and experimental feasibility of this application is presented in [6] . Single-phase AC/AC converters are found in applications where a variable output voltage control is needed [7] . For example, in lighting control and voltage stabilization applications [6] . In addition, it can work in microgrids applications with single-phase loads such as home appliances and photo-voltaic systems as proposed in [3] .
This paper expands the work of [3, 6, 8] . The goal is to add the functionality of symmetry recovering to a two-phase AC/AC converter configuration. This is achieved by using the extended delay feedback (EDFC) proposed by [9, 10] . The EDFC is an improved version of the original delay feedback control (DFC) [11] [12] [13] that achieves control of systems with greater degrees of instability [12] . The model of the physical system and the control solution are designed in the MATLAB/SIMULINK TM software.
System description
The system under analysis is depicted in Fig. 1 . The parameters for both converters are based on the work of [6] . The sources are displaced by 120
• . Equations (1) to (4) denote the operation of the converters:
where L fA , C fA , and R loadA represent the inductance, capacitance, and the load resistance of phase A, respectively. In addition, E A , i A , and u A denote the input voltage, input current, and output voltage of phase A, respectively. Furthermore, the parameters L fB , C fB , R loadB , E B , i B , and u B denote the inductance, capacitance, load resistance, input voltage, input current, and output voltage of phase B, respectively. The values of input voltage, inductance, capacitance, and resistance for each phase are 3 V, 0.45 mH, 33 μF, and 50 Ω, respectively. The switching function s indicates the state of the switch. When s = 1, the switch is on and when s = 0, the switch is off. The switches are controlled by a pulse-width modulation (PWM) feedback scheme based on the work of [6, 14] . Each converter has its own voltage controller, where Eqs. (5) and (6) denote the duty cycles that control the switches as follows: 
Periodic symmetry
In general, symmetry is defined as the characteristic of a physical object of appearing the same from any viewpoint [15] . In AC systems the concept of symmetry is discussed as well. For example, [16] states that the voltages of a symmetrical or balanced three-phase AC system have the same amplitude, frequency, and a 120
• displacement between them. Moreover, the terms load symmetry and symmetrical three-phase loads are found in the literature [17, 18] . In both cases they refer to loads with the same value. Besides this, in AC systems the voltages and currents are represented, mathematically, by sinusoidal functions. Sinusoidal functions are periodic, as denoted by the Eq. (7) [19] :
where x(t), t, T denote a sinusoidal function, time, and the period of the function. The smallest value of T , with T > 0, that fits this horizontal shift, is what it is known as the period of the function [19] . Thus, by this periodic symmetry, we can visualize the behavior of the voltage and current waveforms if we know their period. This concept of symmetry is used by other authors to talk about the symmetrical shape of phase currents with respect to the time axis, i.e., the symmetry of the positive and negative half-cycles of AC currents [18] . When this symmetry is broken, the voltages and currents are no longer periodic. As a result, other conditions such as chaos [6] and quasiperiodic behaviors [20] may appear. Thus, we may no longer visualize or predict the behavior of the voltage and current waveforms.
Chaos and loss of periodic symmetry
In [3] , the authors propose using single-phase AC/AC converters working in a chaotic regime, combined with power routers. The authors envision that the embedded frequencies in the chaotic operation could be used depending on the user applications. This could be achieved by using small control signals that can drive the system to various periodic behaviors [21] .
In addition, when the converter works in a chaotic regime, the harmonic content is spread across the frequency spectrum. The result is an improvement of the electromagnetic compatibility (EMC) [6] . The EMC can be an issue in electrical power substations and in low voltage electronic applications [3, 22, 23] . However, the periodic symmetry of the converter is broken in the process of reaching chaos.
In [6] , the authors demonstrate the theoretical and experimental feasibility of driving a single-phase AC/AC converter to chaos. With a relatively high feedback gain in the PWM voltage controller, the chaotic behavior was achieved. It is important to say that because the system under analysis has switching and energy storing devices, the behavior of the system can be nonlinear [24] . Moreover, the switching functions s A and s B produce changes in the circuit topology. These changes are sources of border-collision bifurcations [6] . Furthermore, the voltage and currents are sinusoidal functions. Sinusoidal functions are nonlinear.
In this study, two single-phase converters are driven to chaos as illustrated in Fig. 2 , by using the same methods and configurations proposed by [6] . Depending on the user application, one or two of the converters could be driven back to stability. This paper proposes featuring the EDFC to the PWM voltage controllers to achieve this. 
EDFC and modified voltage controller
The EDFC is a control technique that does not require exact knowledge of the dynamical system. It only requires the period of the target orbit to generate a small perturbation that drives the system back to stability [9, 10, 25] . Previous studies successfully applied the EDFC and DFC to PWM inverters [26] and AC/DC power-factor converters [27] . In a single-phase AC/AC converter the approach is similar. An output of the system is delayed by a specific period, and then compared with the actual behavior of the system as denoted in Eq. (8) . In a two-phase system configuration, the difference is that two different control loops are required to employ the EDFC. Other methods applicable to the control of chaos in nonlinear electronic circuits are discussed in [28] [29] [30] [31] [32] [33] .
In this study, the target orbit has a period of 1/50 s, which corresponds to the frequency of the input voltage of both converters. Equation (8) denotes the EDFC signal (F (t)) as follows [10] :
where K is a gain, s(t) an output of the dynamical system, R a constant memory parameter, and τ the time delay [25] . The EDFC is an improved version of the original DFC, which was proposed by Pyragas [11, 30] . The difference between both methods is that the EDFC uses more information about the previous states of the system. Through the memory parameter (R), the EDFC weights the amount of information it uses to stabilize the system. By setting the value of R (0 ≤ R < 1) to 0, the EDFC goes back to the original DFC [25] . Based on the EDFC, this paper proposes a modification to the original PWM voltage controller from [6] . Equations (9) and (10) denote the proposed method as follows:
Expanding Eq. (9) yields the modified d * A expression denoted by Eq. (10):
Simultaneous expressions can be obtained for phase B when Eq. (8) is replaced into Eq. (6) (see Fig. 3 ). It is important to note that the modification proposed by this paper does not improve the normal operation of the conventional PWM AC/AC voltage controller. On the other hand, it follows up the recommendation for future work found in [6] . By employing the proposed method based on the EDFC, the converter can recover the periodic symmetry embedded in the chaotic behavior.
Recovering periodic symmetry
In this study, the delayed signal (s(t)) for each controller is the output voltage of each converter. When the EDFC was featured to the voltage controllers, both responses were driven back to the periodical state (case 1). The periodic behavior is illustrated by the closed curves in the phase portraits of Fig. 4 . It is a known fact that periodical states are illustrated by closed curves [34] . Another possibility is to recover the periodic symmetry in one of the converters while the other stays in a chaotic regime as shown in Fig. 4 (case 2) . The stabilization is also illustrated in terms of the active power at the fundamental frequency. This is discussed in Sect. 4.2. 
Concentration of power density by EDFC
An active power analysis also shows the recovery of the periodic symmetry of the output voltage of phase B. In Fig. 5 , after the EDFC is activated, the input and output active power over a running average window of one cycle of the fundamental frequency, tend to the same value of 0.01 W. In other words, the EDFC drives the system back to stability, all the active power at the load side gathers around the fundamental frequency of 50 Hz. The signal content is no longer spread across the frequency spectrum, which is what happens when the system is driven to chaos as stated in [6] .
For example, a Fast Fourier Transform (FFT) analysis on the output voltage and resistor current indicated the following. Before activating the EDFC, from 0 Hz to 50 Hz, the total rms voltage and current amounted to 0.4347 V and 8.69 mA, respectively. As a result, before the activation of the EDFC, the active power from 0 to 50 Hz added to 3.77 mW, which is what appears in Fig. 5 . However, if we add the current and voltage from 0 Hz to 500 Hz, the total rms voltage and current values were 0.9202 V and 0.01840 A, respectively. In this case, the total active power from 0 Hz to 500 Hz amounted to 0.01693 W.
After activating the EDFC, the signal content moved towards the fundamental frequency. From 0 Hz to 50 Hz, the total rms voltage and current values are 0.7690 V and 0.01538 A, respectively; thus the total active power was 0.01183 W (see Fig. 5 ). On the other hand, from 0 Hz to 500 Hz, the total rms voltage and current values were 0.8956 V and 0.0179 A, respectively. This amounts to a total power of 0.01604 W; therefore, the amount of active power demanded by the resistive load is similar with and without EDFC. These results are summarized in Table I . The recovery of periodic symmetry is also illustrated through the cross-power spectrum density diagram. The cross-power spectral density of two signals is defined as the Fourier transform of the cross-correlation [35] . In this study, this is illustrated as follows [36] :
where i B (t) * denotes the conjugate of the input current of phase B. In Fig. 6 , before the EDFC is activated, the power density was spread across the frequency spectrum. However, when the EDFC was activated, the power density gathered around the fundamental frequency. This is greatly appreciated in the colormap of Fig. 7 ; where the cross-power spectrum density against the parameter K denotes the frequency exchange on power at low and high gain values. Depending on the value of K, the converter could be driven to different types of behavior. For example, between 0.1 ≥ K ≤ 0.18, there are frequencies components below and above the fundamental with power content that could be applied to selected devices in the smart-grid as stated in [3] .
In addition, when the gain K was fixed and the memory parameter R was varied, the power content gathered at specific values of frequency. For example at the fundamental frequency, second, and third harmonics. On the other hand, when R was fixed and K varied, the power was spread across several frequencies below and above the fundamental. Furthermore, Fig. 7 (c) depicts a tendency where a delay of 1/150 Hz gathers the power content at even and odd harmonics.
Considerations for a physical application
For consistency, the simulations presented in this paper are based on the same parameters and considerations proposed by [6] . Indeed, these parameters are far from a real practical application. However, the contribution of this study is that it proposes and proves, through simulations, the possibility Fig. 6 . Input and output cross-power spectral density. The power was no longer spread across the frequency spectrum when the system was stabilized. Instead, the power gathered at the fundamental frequency; thus the output voltage recovered the periodic symmetry. of applying the EDFC to single-phase AC/AC converters in a two-phase configuration working in a chaotic regime. As a result, it opens the possibilities envisioned by [6] where single-phase converters could have different types of operations. It should be noted that the chaotic operation provides the converter with a filtering functionality.
Also, the work of [6] provides the analysis of the experimental results of the single-phase AC/AC converter configuration. Lastly, the authors have successfully applied the DFC in simulations and experiments to a three-phase AC/AC converter (matrix converter) in [20] . A real application of the present study, with different parameters from [6] , could employ the same FPGA device model presented in [20] to generate the EDFC and the switching signals. For now, our goal is to follow up the same configuration of [6] , which is the configuration that achieved a chaotic operation.
Conclusions
The simulation results indicate that the proposed application of the EDFC to restore the symmetry of the output voltage is feasible. Therefore, the two converters can work with a chaotic or a symmetrical periodical behavior.
In addition, by adding the feature of symmetry-recovery to the voltage controllers, the application of chaotic AC/AC converters becomes more attractive. Depending on their applications, end users have the possibility of choosing between different modes of operation. For example, the results show that a fixed K and a varying R or τ can gather the signal at specific odd or even harmonics. Therefore, the EDFC regulates the distribution of the power density by recovering the symmetry of voltage in phase.
The proposed solution could be improved by reducing the amount of noise that remains in the control signals. The possibility of using the original DFC instead of the EDFC is open for discussion as well.
